This work describes an experimental investigation on the mixing induced by a swarm of high Reynolds number air bubbles rising through a nearly homogeneous and isotropic turbulent flow. The gas volume fraction α and the velocity fluctuations u 0 of the carrier flow before bubble injection are varied, respectively, in the ranges 0 ≤ α ≤ 0.93% and 2.3 cm/s ≤ u 0 ≤ 5.5 cm/s, resulting in a variation of the bubblance parameter b in the range [0, 1.3] (b =
This work describes an experimental investigation on the mixing induced by a swarm of high Reynolds number air bubbles rising through a nearly homogeneous and isotropic turbulent flow. The gas volume fraction α and the velocity fluctuations u 0 of the carrier flow before bubble injection are varied, respectively, in the ranges 0 ≤ α ≤ 0.93% and 2. , where Vr is the relative rising velocity). Mixing in the horizontal direction can be modelled as a diffusive process, with an effective diffusivity Dxx. Two different diffusion regimes are observed experimentally, depending on the turbulence intensity. At low turbulence levels, Dxx increases with gas volume fraction α, while at high turbulence levels the enhancement in Dxx is negligible. When normalizing by the time scale of successive bubble passage, the effective diffusivity can be modelled as a sole function of the gas volume fraction α * ≡ α/αc, where αc is a theoretically estimated critical gas volume fraction. The present explorative study provides insights into modeling the mixing induced by high Reynolds number bubbles in turbulent flows.
I. INTRODUCTION
Air bubble-laden liquid flows are commonly found in many natural, chemical and biological processes. Just as any freely rising body in a liquid, the rising air bubbles in these flows can move along oscillatory paths through the surrounding liquid [1, 2, 3, 4, 5] . These wake-induced oscillations are known to generate agitation in the liquid phase, and are often used as an efficient way of mixing different chemical and biological components avoiding the need for mechanical mixing devices [6, 7, 8] .
While there is general consensus that high Reynolds number bubbles enhance the liquid agitation [9, 10, 11, 12, 13, 14, 15, 16, 17] , predicting the mixing due to the bubbles remains a challenging task. This is because in these flows, the bubble induced mixing results not only from the agitation by the bubbles, but also are due to the transport by the large scale recirculations, the bubble wakes, and the shear. A few studies have been conducted to disentangle the different mixing mechanisms in a bubble column, and to understand particularly the mixing induced by bubbles [18, 19, 20, 21] . These have shown that mixing induced by bubbles results from two contributions: (i) the mixing by capture in the bubble wakes and (ii) the mixing by the agitation resulting from the wake-wake interactions. Mixing by dye captured in the bubble wakes is an intermittent and convective process, and is dominant in a 2D homogeneous bubbly flow rising in a Hele-Shaw cell since no interaction between the * elise.almeras@ensiacet.fr wakes can develop due to confinement [19, 22, 23] . On the contrary, mixing induced by the agitation resulting from the wake-wake interactions is the leading mixing mechanism in three-dimensional bubble columns. This is a diffusive process and can thus be described by an effective diffusivity [18, 24, 25] . Following Taylor theory, Alméras et al. [24] proposed to model the diffusion coefficient, as D ii = u 2 i T , where u 2 i is the variance of the velocity fluctuations of the liquid phase, and T is a characteristic time scale of the turbulent diffusion that requires to be reinterpreted for two-phases flows. Namely, at low gas volume fractions, this characteristic time scale is given by the Eulerian integral length scale λ of the bubble-induced turbulence, T = λ u , while it is the time between two bubbles passages T 2b at larger gas volume fractions [24] .
As evident from the above discussion, there exists a wealth of experimental and numerical investigations on homogeneous bubble swarms rising within an otherwise still liquid. However, in most natural and industrial settings (upper ocean mixing layer, industrial bubble columns, etc), the bubble swarms rise within surrounding turbulence. Several studies were devoted to the hydrodynamics properties of such turbulent bubbly flows [12, 26, 27, 28, 29] . These have addressed the problem from both Eulerian and Lagrangian viewpoints. Alméras et al. [28] showed that the liquid agitation in such flows are the outcome of a complex interaction between the bubble swarm and external turbulence at the large scales. Recently, in a Lagrangian investigation of 2 mm bubbles in homogeneous turbulence, Mathai et al. [29] reported that bubbles contribute to a fast short term spreading, but a slower large scale spreading. The rel- evant competing time scale for the large scale spreading was found to be the crossing time of the bubbles as compared to the integral time scale of the background turbulence [30, 31] .
While the above studies provided insight into the bubble motions, spreading, and the resulting liquid agitation in turbulent flows, they did not address specifically the mixing induced by high Reynolds number bubbles in such tubulent flows. In the present work, we address this question by analysing the mixing of a passive scalar (a high Schmidt number dye) in a homogenous bubble swarm rising within a nearly homogeneous and isotropic turbulent flow.
The paper is organised as follows. In section II, the experimental setup and the measurement techniques used for the mixing experiments are presented, while the hydrodynamics properties of the turbulent bubbly flow are discussed in section III. The mixing properties of the turbulent bubbly flow are described in section IV. In section V, the mixing model is discussed. Finally, concluding remarks are presented in section VI.
II. EXPERIMENTAL SET-UP AND INSTRUMENTATION
Mixing experiments are performed in the Twente Water tunnel ( figure 1(a) ), which has a vertically long measurement section of 2 m height, 450×450 mm 2 in crosssection, and made of three glass walls allowing optical access. An active-grid is positioned at the bottom of the measurement section, and an upward flow generates nearly homogeneous and isotropic turbulence at a distance roughly 1 m above the grid location. The level of the external turbulence is varied by adjusting both the liquid mean flow speed and the rotation speed of the active grid. In the present study, eight levels of turbulence are investigated. These have been characterised by looking at the statistical properties of the liquid phase in the absence of bubbles (see Ref. [28] for more details). Table I summarises the flow characterisation of the eight single phase turbulence cases investigated in the present study. The standard deviation of the velocity fluctuations pro- duced by external turbulence in the absence of bubbles ranges from u 0 = 2.3 cm/s to u 0 = 5.5 cm/s, which was achieved by means of two mean flows (U = 0.27 m/s and U = 0.46 m/s) and four different grid rotation speeds. Note that T L is the Eulerian integral time scale of the flow. We expect this to be comparable to the Lagrangian integral time scale, which is relevant for turbulent mixing [32] . A homogeneous bubble swarm is produced using 621 capillary tubes of inner diameter 0.12 mm positioned on 9 islands, which are located below the active-grid [28] . By varying the gas flow rate, the gas volume fraction α can be adjusted from 0 to 0.93%. The air bubble injection setup generates bubbles with a diameter d ranging from 2 to 3.3 mm, and an aspect ratio χ varing from 1.6 to 2.0, depending on the turbulence level and the gas volume fraction. The bubble relative velocity V r turns out to decrease with increasing gas volume fraction, irrespective of the turbulence level, from 0.39 cm/s to 0.27 cm/s. More details of the gas phase properties for identical operating conditions are given in Ref. [28] .
The setup for the mixing experiments is shown in figure 1(b). The experiment involves injecting continuously a fluorescent dye (Fluorescein sodium) within the flow [22, 33] by means of a dye injector of diameter 2 mm located in the middle of the cross-section and 60 cm downstream of the active-grid. The dye has a high Schmidt number (S c ≡ ν D ≈ 2500) in water, and hence, can be considered passive scalar in the flow. The dye injection is performed for a duration of 50 s at a flow rate matching the mean liquid velocity in the tunnel. In this way, the injection of the dye does not cause a strong jet, which allows us to study the dye dispersion effects due to the bubbly turbulent flow alone. The concentration of fluorescein sodium at the injection location is c 0 ≈ 10 −2 mol/L, and has been chosen in such way that the mixing of the dye could be visualised over approximately 1 m. The field of view lies in the zx plane, with z the vertical (streamwise) direction, x one of the horizontal (transverse) directions, and the corresponding liquid velocity components u and v, respectively. The depth direction is given by y (see figure 1(b) ). Due to the high concentration of dye, absorption of the light by the dye occurs close to the injector. This effect is however negligible far enough from the dye injector. The minimum distance at which the measurement is valid is determined for each operating condition by calculating the total mass along the height (see section IV). This also ensured that any disturbances from the injection had dissipated at the location of the measurements.
The instantaneous spatial dye distribution has been measured by means of fluorescence induced by UV neon tubes, as already introduced by [24] for measuring the temporal evolution of the dye concentration distribution in a homogeneous bubbly flow. To this end, eight UV neon tubes are placed on opposite sides of the crosssection of measurement ( figure 1 (b) ). This light configuration allows to have a homogeneous illumination over the full cross-section measurement spanning a total height of 120 cm, with a tolerance range of 12%. Two synchronised cameras (Imager sCMOS from Lavision) equiped with 105 mm macro lenses and optical band-pass filters (450 − 650 nm) are aligned vertically. Fluorescent light emitted by the dye is recorded over a total field of view of 79.0 cm height and 36.5 cm wide with a spatial resolution of 57 pixels/cm (figure 1). The depth of view of the camera is maintained sufficiently large so that the magnification along the width is negligible. The integration time of the cameras is 10 ms, which results in 500 images in the 50 s of recording. A typical image recorded by this system is given in figure 3(a) . For the provided specific conditions, the intensity of the fluoresced light emitted by the dye is proportional to the dye concentration [34] . However, in a bubbly flow, two kinds of measurement perturbations occur due to the presence of bubbles [24] . On one hand, reflections and refractions of the fluoresced light on the bubble interfaces outside the dye distribution produce a spreading of the fluoresced light viewed by the camera. On the other hand, occultations of the fluoresced light by the bubbles within the dye distribution result in an attenuation of the fluoresced light filmed by the camera. Therefore, an image processing method needs to be applied in order to measure the unperturbed concentration distribution. We adapt the image processing developed by [24] to our case so that we are able to deal with the present liquid mean flow. The main adaptation consists in tracking the spatial distribution of the dye instead of its temporal evolution. In the present image processing, reflection and refraction effects are corrected by calculating at each height z the minimum of gray levels in the vertical direction over the distance [z − . The distance ∆H has been chosen to be larger than the typical size of the perturbations, which is of the order of the bubble diameter d but small enough to keep a satisfactory spatial resolution of the measurement. We take ∆H = 3.5 mm. Validation of the image processing has been performed similar to the procedures followed in [24] , i.e. by immersing a transparent plastic sphere of 6 cm diameter filled with a solution of fluorescein at a given concentration within the turbulent bubbly flow. This ensures a reliable measurement of instantaneous concentration distribution in the horizontal direction for α ≤ 1%. Note that the instantaneous concentration profiles are shifted in order to center all the profiles on their barycenter before time averaging. In this way, only the spreading of the dye distribution around its global motion is measured. [28] . 
III. HYDRODYNAMIC PROPERTIES OF THE TURBULENT BUBBLY FLOW
Understanding the dispersion properties of a flow requires first a clear description of the hydrodynamic properties of the liquid phase. For the same set of turbulence levels and gas volume fractions, Alméras et al. [28] had performed an experimental characterisation of the liquid agitation. The main results of this study are recalled as:
The agitation of the liquid phase in the vertical direction is mainly controlled by the so-called bubblance parameter [12, 26, 35] ,
which compares the ratio of the velocity fluctuations produced by the bubble swarm to the one produced by the external turbulence. Further, two regimes of liquid agitation were identified for the vertical velocity fluctuations, separated by b ≈ 0.7. However, the horizontal liquid velocity fluctuations, which is crucial to model the horizontal mixing, were not characterized [28] . Here we have performed additional Laser Doppler Anemometry (LDA) measurements in order to characterise the velocity fluctuations in the horizontal direction as well. Once normalized by the turbulent velocity fluctuations u 0 , the standard deviation of the velocity fluctuations v in the horizontal direction increases with b ( figure 2 ). Similar to the velocity fluctuations in the vertical direction (reported by Alméras et al. [28] ), we can observe the presence of two regimes separated by b ≈ 0.7. The anisotropy ratio of the velocity fluctuations is also characterised as a function of the bubblance parameter in the inset to figure 2. We see that it increases monotonically from 0.8 to 1.2 for b ranging from 0.13 to 1.3, with almost isotropic fluctuations around b ≈ 0.7. This increasing trend of the anisotropy ratio is consistent with literature, since the anisotropy ratio is known to approach 1.3 at b → ∞, i.e. for pseudo-turbulence [36] .
It is important to stress that in the present turbulent bubbly flow, there is a clear separation of the times scales produced by the incident turbulence with the one generated by the bubble swarm. In fact, the external turbulence involves time scales ranging from the dissipative time scale τ η to the integral time scale T L of the turbulent flow, governed by the Taylor-Reynolds number Re λ (see also Table I ). In contrast, the bubble swarm affects the flow at shorter time scales τ b ∼ d/(C d V r ), where C d is the drag coefficient of a bubble within the swarm [36] . We note that at all operating conditions of the present study, the bubble induced time scale is shorter than the dissipative time scale of the turbulence, id est the Kolmogorv time scale.
IV. MIXING CHARACTERIZATION IN
TURBULENT BUBBLY FLOW Figure 3 presents the concentration profiles I averaged over time at different heights z for a turbulence intensity u 0 = 2.3 cm/s and a gas volume fraction α = 0.68%, corresponding to b = 0.94. Due to mixing induced by the turbulent bubbly fow, the concentration profiles show both a spreading in the horizontal direction and an attenuation of the maximal concentration along the height. At all heights, the profiles remain symmetric since the flow is homogeneous in the horizontal plane. The shape of the distribution is nearly Gaussian, suggesting that we are observing a diffusive process.
The analytical solution of the diffusion equation in a finite three-dimensional medium for a continuous point source, neglecting longitudinal diffusion, can be expressed as follows [37] :
(2) whereṀ is the mass flow rate of the injected dye, σ x (resp. σ y ) the standard deviation of the concentration distribution in the x-direction (resp. y-direction), and w the distance between the dye injector and the walls. It is important to stress that the present measurement technique allows to measure 2D concentration field only, which gives the integrated effect of the depth (y) direction. The concentration field viewed by the camera can thus be estimated by integrating equation (2) in the ydirection between y = [−w, w], leading to :
Note that since three sources are sufficient to ensure a good accuracy, the infinite summation has been truncated to −1 ≤ k ≤ 1. For each position z, the experimental concentration profiles have been fitted to equation (3) by adjusting independentlyṀ and σ x , using the least-squares method. In figure 3(b) , a very good agreement can be observed between the experimental profiles and the fit based on equation 3 for all heights z. Moreover, the concentration profiles normalised by √ 2πU σ x (z)/Ṁ collapse when plotted as function of the normalised horizontal position x/σ x (z). This suggests that the two parameters:Ṁ and σ x are sufficient to describe the present diffusive process ( figure 3(c) ). In the following, we will focus on the evolution of the standard deviation σ x (z) of the horizontal concentration distribution along the height z, and the measured mass flow rate of dyeṀ (z). Figure 4 presents the evolution of the standard deviation σ x (z) of the horizontal concentration distribution and of the mass flow rateṀ (z) along the height z for two cases, b = 0.12 and b = 0.97. Far enough from the dye injector located at z = 0 cm, the standard deviation of the concentration distribution increases linearly with z, and the calculated mass flow rateṀ (z) is nearly conserved. This domain is represented in gray in figure 4. Before this stage is reached, the mass flow rate appears to increase, which is due to highly concentrated dye that absorbes UV neons light close to the dye injector. In this range the dye concentration estimation is not accurate. Measurements are thus restricted to heights where the variation of the measured mass flow rate remains within 15%. In these domains, mixing can be described as a diffusive process since the standard deviation of the concentration profiles σ x (z) evolves linearly with z. Using a time to space transformation by means of the liquid mean flow, the effective diffusivity in the horizontal direction can be written as:
In this way, we measured the effective diffusion coefficient D xx in the horizontal direction both for single phase and two-phase flows at different turbulence intensities. Hereafter, we will relate the dye dispersion properties to the hydrodynamics in order to get a better understanding of the mixing mechanisms in the present turbulent bubbly flow. Figure 5 presents the evolution of the diffusion coefficient normalised by the single phase diffusion coefficient (α = 0%) with increasing the gas volume fraction for different turbulence levels u 0 . The diffusion coefficient increases with gas volume fraction at low turbulence levels, while it is nearly constant at high turbulence levels. The data shows a wide spread with no collapse. To better understand this behaviour we follow the approach of Alméras al. [24] . To begin with, for homogeneous bubbly flows, the velocity fluctuations decorrelate either within the time scale T L set by the turbulence, or according to the time scale given by the successive passage of bubbles
V. MODELLING THE EFFECTIVE DIFFUSIVITY
. The bubble passage time scale can be expected to become dominant beyond a critical gas volume fraction α c , such that at α c we have T 2b ∼ T L . Therefore, the critical gas volume fraction α c can be calculated as:
In figure 6 we plot the dimensionless diffusion coefficient D xx /(T 2b gd) for the bubbly turbulent cases versus the normalized gas volume fraction α * ≡ α/α c . With this normalisation the effective diffusivities collapse for the various levels of turbulence u 0 . Note that the above normalization was also motivated by prior work [36] , which suggests that the liquid agitation in homogeneous bubbly flows should scale as ∼ V 0 α 0.4 , where V 0 ∝ √ gd is the rise velocity of an isolated bubble of diameter d. In figure 6 we observe two regimes of growth. For large α * > 3, the diffusion coefficient increases at a steeper rate than for smaller α * , indicating the dominance of the bubble passages, which manifests through an increase in α * . We note that the specific value of the regime transition (i.e. α * ≈ 3) could be influenced by the particulars of the problem such as bubble properties, flow configuration (confined vs three dimensional), and the time scale T L of the flow.
VI. CONCLUSION
The present paper investigates the mixing of a passive scalar at high Schmidt number in a turbulent bubbly flow. The gas volume fraction α and the velocity fluctuations of the turbulent flow u 0 have been varied in the range 0 ≤ α ≤ 0.93% and 2.3 ≤ u 0 ≤ 5.6 cm/s, respectively, resulting in a variation of the bubblance parameter in the range 0 ≤ b ≤ 1.3. We continuously injected a low-diffusive dye into the flow, and the fluorescence induced by UV neon tubes was used to measure horizontal concentration profiles at different heights from the dye injector. By approximating the experimental concentration profiles by the solution of the diffusion equation for continuous injection into a finite media, we estimated FIG. 6: Generalisation of the model of effective diffusivity in bubbly flows. Diffusion coefficient normalised by T 2b gd as a function of the gas volume fraction normalised by the critical gas volume fraction αc. Here the normalisation is by the time scale of the bubble passage, T 2b , and a characteristic velocity scale gd, where g is the graviational acceleration and d the bubble diameter. We observe a difference in behavior as the gas volume fraction is increased well above αc.
the effective diffusivities in the horizontal direction for the different operating conditions. We find that the growth of the diffusion coefficient can be expressed as a function of the normalized gas volume fraction α * ≡ α/α c , where α c is a theoretical critical gas volume fraction. It is remarkable that the theoretically estimated α c is able to nicely collapse the data. Additionally, we find that the diffusion coefficient growth shows two regimes separated by α * ≈ 3. For small gas volume fractions (α * < 3), the diffusion coefficient only weakly increases, while at larger α * , the diffusion coefficient grows more steeply.
Our study has thus extended the model developed by Alméras et al. [24] to three dimensional turbulent bubbly flows. Additionally, we emphasize the importance of evaluating the critical gas volume fraction α c , which depends on the ratio between the Lagrangian time scale T L and the bubble passage time scale T 2b ∼ 
